Introduction {#s1}
============

In the late 1980s, Dr. David Barker used historical birth records from Hertfordshire, England, to pioneer the concept that the origins of adult disease could be strongly associated with fetal environmental exposures in pregnancy that resulted in low birth weight and predicted increased risk for cardiovascular morbidity and mortality in the offspring ([@B1],[@B2]). Over the past several decades, the Developmental Origins of Health and Disease (DOHaD) hypothesis has been validated epidemiologically and mechanistically in both human and animal models. Data from animal models of nutritional constraint and uteroplacental insufficiency suggest that the gestational milieu influences the postnatal phenotype to cause susceptibility to childhood obesity and metabolic disorders through changes in tissue and organ development and metabolic reprogramming ([@B3]--[@B7]). DOHaD has taught us about the role of a mismatch between a constrained prenatal and a plentiful postnatal environment in the pathogenesis of obesity, i.e., the "thrifty" pathway, likely operating in populations undergoing rapid transition.

Another developmental pathway to obesity and its comorbidities, likely more important in Western societies, is developmental overnutrition. In fact, Norbert Freinkel, in his Banting Lecture in 1980 ([@B8]) may have been the first to conceptualize the overnutrition hypothesis in utero as a contributor to long-term offspring metabolic complications. He discussed this in the context of diabetes in pregnancy leading to excess fuel exposure to the fetal-placental unit, not only from glucose but also from excess lipids and amino acids (AAs). He termed this "fuel-mediated teratogenesis," defined as alterations occurring subsequent to organogenesis during the differentiation and proliferation of fetal cells, and wrote "such changes could cause long-range effects upon behavioral, anthropometric, and metabolic functions" ([@B8]). This pathway reflects the effects of hypernutrition during fetal life and sets the stage for further amplification of the pathophysiological effects of encountering an obesogenic environment postnatally. More than 30 years later, emerging data suggest that in fact maternal diet, potentially amenable to manipulation, may be a key determinant of the fetal epigenotype and resulting phenotype ([@B9]--[@B17]).

Animal models, including nonhuman primates (NHP), sheep, rodents, and even flies and zebrafish, have shown that fetal growth and development are vulnerable to changes in nutrition in all three phases of development. These include *1*) early gestation during implantation, placentation, and subsequent embryogenesis when placental nutrient transport may be set; *2*) midgestation when number, growth, and function of critical organs like pancreas, brain, kidney, and skeletal muscle develop; and *3*) during the late third trimester when fetal growth (adiposity) accelerates and regulatory set points in the brain, neuronal-metabolic feedback loops, and mitochondrial function may be impacted. While animal models may have vastly different patterns of gestation and placental structure, they have been critical in the discovery of potential molecules and mechanisms leading to early-onset obesity. Despite these discoveries, there is lack of knowledge about the impact of environmental exposures on biochemical and molecular processes that govern metabolic risk, particularly in utero on infants born to mothers who are obese or have gestational diabetes mellitus (GDM).

The focus of our research group is on understanding the role of maternal nutrition and the intrauterine environment on molecular, endocrine, and epigenetic origins of childhood obesity. This involves developing novel animal models of GDM and obesity (transgenic mice, NHP) together with longitudinal invasive human clinical investigation in vivo and in vitro utilizing myocytes, adipose tissue, and, more recently, umbilical-derived mesenchymal stem cells (MSCs) obtained from infants born to obese women with and without GDM. More recently, we have begun investigating the role of the microbiome (MB) in mothers and their infants with a goal of understanding how maternal nutrition in pregnancy and breast milk composition can influence infant microbial function and the trajectory of weight gain, adiposity, and development of nonalcoholic fatty liver disease (NAFLD), the leading cause of liver disorders in children and adults. The work of myself and my colleagues over the past 20 years has been due in no small part to my association and collaboration with Dr. Patrick Catalano (Case Western Reserve University) and Dr. Linda Barbour (University of Colorado Denver), who continue to teach me about the important clinical problems encountered in the diagnosis, treatment, and underlying pathophysiology of normal, obese, and GDM pregnancies. They have also taught me about the power of collaboration and the value of true friendship.

Maternal Insulin Resistance in Obesity and GDM: Cellular Mechanisms That Impart Insulin Resistance, Consequences of Excess Fetal Nutrient Exposure, and Postpartum Risk for Progression to Type 2 Diabetes {#s2}
==========================================================================================================================================================================================================

Maternal insulin resistance (IR) is a normal part of human pregnancy and is critically important to maintain the maternal fuel supply to support the growing fetus, particularly during the third trimester. However, women with obesity or a history of GDM enter pregnancy with preexisting IR that worsens with advancing gestation ([@B18]). In type 2 diabetes and GDM, the maternal metabolic environment is characterized by IR and inflammation, and both conditions shunt excess fuels to facilitate fat accretion and fetal growth ([@B19]). Emerging data suggest that excess maternal IR may be a more important predictor of neonatal adiposity than prepregnancy BMI ([@B20],[@B21]). In a study of 301 infants of women with GDM, mild glucose intolerance, or normal glucose tolerance, maternal IR by the Matsuda index predicted offspring weight gain and adiposity from 0--12 months, but prepregnancy BMI did not ([@B20]). Maternal IR has the capacity to shunt not only glucose but all nutrients to the fetus, including glucose, triglycerides (TGs), free fatty acids (FFAs), and AAs, all of which can be used for fetal fat accretion and excess fetal growth. Furthermore, the placental transcriptome is a target of the altered environment of diabetic and obese pregnancies. Genes for lipids and AA transport are upregulated in the placenta of women with GDM more than those for glucose, as are genes for inflammatory pathways ([@B22],[@B23]).

Mechanistically, we demonstrated that insulin-stimulated glucose transport in human skeletal muscle fibers from obese women is suppressed in late pregnancy and more so in skeletal muscle of women who develop GDM ([@B24]). In transgenic mice, and later in human pregnancy, we showed that human placental growth hormone is a major driver of the normal IR of pregnancy by suppressing the IRS1-associated PI3-kinase insulin signaling cascade in skeletal muscle ([@B25],[@B26]). Further, we showed in GDM subjects that reduced IRS1 in skeletal muscle and adipose tissue, along with decreased insulin receptor activation, may be responsive to overnutrition as well as inflammatory changes during late pregnancy ([@B27]). In addition, using proteomic analysis in skeletal muscle of obese and GDM subjects, we found reduced mitochondrial function and increased oxidative stress in both obese and GDM patients, controlled in part by the mitochondria deacetylase SIRT3 ([@B28]). In GDM subjects, there are additional unique changes in calcium binding proteins associated with reduced mitochondrial function, suggesting these might underlie the reduced oxidative capacity and ultimately lower exercise tolerance, particularly evident in women with GDM ([@B29]). Last, when we followed a series of obese women with GDM longitudinally postpartum we found that specific defects in IRS1 and p70S6K in human skeletal muscle may persist up to a year later and may underlie the chronic IR and future risk for type 2 diabetes ([@B19],[@B30]), beyond simple obesity. While there are complex mechanisms underlying the IR in skeletal muscle and adipose tissue, given that fetal growth and adiposity increases with even modest changes in glucose ([@B31]), FFAs, and TGs ([@B32]), the IR pathways uncovered here may be extremely important. Furthermore, they are highly relevant in explaining why obese women, whom we have shown to have elevated 24-h glycemic profiles as well as FFAs and TGs compared with normal-weight women ([@B32]), are at an increased risk for delivering infants with increased adiposity.

Impact of a Western-Style Diet and Maternal Obesity on Metabolic Systems in the Next Generation: Lessons Learned From NHP {#s3}
=========================================================================================================================

Maternal obesity and GDM are important risk factors for obesity in the next generation. Whether this is due to specific changes in maternal diet, the maternal phenotype (IR), or a combination of the two has remained poorly understood. In order to study the impact of specific changes in maternal diet and obesity on fetal pathophysiology and future health risks, in 2007 Dr. Kevin Grove at the Oregon National Primate Research Center and I began a collaboration to develop an NHP model for studying maternal obesity and its impact on the development of fetal metabolic systems. Our group has spent the past decade developing and studying a sophisticated NHP Japanese Macaque model of chronic consumption of a maternal high-fat/calorie-dense Western-style diet (WSD) starting early in the reproductive years that has critically important developmental and physiological similarities to humans. The importance of the NHP model is that the placenta, brain, liver, skeletal muscle, and pancreas structures are similar to humans, and it is the only natural model that develops the full spectrum of metabolic diseases as in humans. Consequentially, the developmental changes in vital organs are highly similar to humans, including complex psychosocial behaviors that can be studied longitudinally in the offspring. These qualities make the NHP model uniquely powerful and critically important.

We have shown that consumption of a maternal WSD causes placental dysfunction, tissue-specific changes in the offspring mitochondria, widespread inflammation, hepatic steatosis, and broad developmental changes in the liver, skeletal muscle, brain, and pancreas, as outlined below. These alterations are accompanied by significant and persistent changes in the epigenome, the MB, and offspring behavior. Importantly, many of these abnormalities persist even when NHP offspring are weaned to a healthy diet after lactation, suggesting that gestational and lactational dietary exposures are significant and possibly permanent contributors in the initiation and development of pathways that drive health risks in the next generation.

One of the most striking early findings we discovered in the NHP model is the development of fetal NAFLD. NAFLD is a general term used to describe a broad spectrum of liver abnormalities, ranging from simple, uncomplicated hepatic steatosis to nonalcoholic steatohepatitis (NASH), with different degrees of inflammation and fibrosis. NAFLD is the most common liver disease in children and adults ([@B33],[@B34]) and the leading cause of liver transplantation. Prevalence estimates of NAFLD in children range from 3--10% in Western societies, approaching 55% in children who are obese ([@B35]). When we performed cesarean sections in the early third trimester (G130) in mothers fed a WSD, we discovered the fetuses had a dramatic increase in liver lipids ([Fig. 1](#F1){ref-type="fig"}) ([@B13]). Importantly, we found that all fetuses had elevated liver lipids whether their mothers developed obesity or not on the WSD. Fetuses at this stage of development have very little adipose tissue to store lipids, suggesting that exposure to a WSD resulted in excess lipid availability to the fetus that accumulates in the liver during gestation. The livers also stained for a marker of oxidative stress (4-hydroxynonenal), suggesting lipid overload may have effects on protein functions, or so-called lipotoxicity.

![Liver steatosis in the fetal liver during the early third trimester of NPH on a high-fat diet. Female Japanese Macaques were maintained on high-fat or chow diet for a minimum of 2 years prior to mating. In a subsequent pregnancy, obese females were switched to a chow diet prior to mating and cesarean sections (C-section) were performed. Livers were stained for neutral lipid (Oil-Red-O) and 4-hydroxynonenal (4-HNE), a marker of oxidative stress (data are from McCurdy et al. \[[@B13]\]).](dc150628f1){#F1}

During the next breeding season, we performed a diet reversal, whereby obese mothers were switched from a WSD to a healthy control diet. Although the mothers remained obese, they manifested less IR. In these G130 fetuses, liver TGs were significantly improved but had not returned to control levels, suggesting that maternal obesity, even on a healthy diet, contributes to fetal hepatic steatosis. To examine if these changes persisted postnatally, a separate cohort of obese mothers on a WSD were allowed to give birth and the offspring were weaned to a healthy diet at 6--7 months of age. At 12--14 months of age, the livers from the juvenile animals showed increased TGs and increased liver macrophage cell numbers and the liver macrophages were hyperresponsive to fatty acids in vitro, producing high levels of cytokines ([@B36]). Overall, a WSD coupled with maternal obesity was associated with long-term consequences, increasing the risk for progression from uncomplicated hepatic steatosis to NASH. This includes inflammation via Toll-like receptors on the resident macrophages (Kupffer cells), immune cell activation, and priming for recruitment of additional immune cells from the bone marrow ([Fig. 2](#F2){ref-type="fig"}). Importantly, these changes occurred prior to the development of juvenile obesity in offspring born to obese mothers with high IR on a WSD. The placentas from the obese mothers on a WSD showed evidence of oxidative stress, inflammation, reduced placental blood flow, and hypoxia ([@B9]). These findings suggest that chronic WSD and maternal obesity may be the "first hit" in the progression of simple steatosis to inflammation and NASH in later life.

![Consequences of maternal overfeeding on fetal liver and the evolution of NAFLD*.* Exposure to excess lipids triggers placental inflammation, oxidative stress, and liver steatosis prior to birth. After weaning, a combination of recruited hepatic macrophages and alternatively activated resident immune cells, together with IR and obesity, is a significant risk factor for inflammation and progression of NAFLD. Prevalence of NAFLD is shown. WBC, white blood cell.](dc150628f2){#F2}

To determine whether this early liver steatosis is present in human neonates who have more subcutaneous fat to store lipid than NHP, we used magnetic resonance spectroscopy to show that maternal obesity and GDM predict neonatal hepatic fat storage ([@B37]). We measured intrahepatocellular lipid in 2-week-old newborns born to both normal-weight and obese mothers with GDM and showed a 68% increase in liver fat in the infants of obese GDM mothers. In another cohort, Modi et al. ([@B38]) reported an 8.6% increase in intrahepatocellular lipid content for each 1-point increase in prepregnancy BMI. The positive correlation between offspring intrahepatocellular lipid and maternal prepregnancy BMI held for the entire population of obese and normal-weight mothers. Other variables, such as gestational weight gain and early postnatal weight change, did not influence intrahepatic fat storage in this cohort of 25 mother-infant pairs. Importantly, increased fetal hepatic fat storage appeared to be independent of overall adiposity in the newborn, suggesting that the drivers of hepatic fat storage and subcutaneous adipose fat storage may be different during fetal life. In another infant cohort, liver fat doubled between birth and 2 months, regardless of breast-feeding ([@B39]), raising the question of whether excess liver fat storage at birth may have long-term consequences, particularly in obese teenagers ([@B40],[@B41]). Notably, NAFLD increases the risk of cardiovascular events eightfold and type 2 diabetes threefold and is a strong risk factor for hepatocellular carcinoma ([@B42]).

A second striking finding in the NHP studies is the long-term behavioral changes noted in the offspring exposed to maternal WSD during pregnancy and weaning. When these animals were switched to a healthy diet at weaning (6--7 months of age) and studied at 12--14 months of age as juveniles, the male animals displayed an increase in repetitive behaviors (pacing stereotypy), while the females displayed increased anxiety-like behavior ([@B10]). Offspring of both sexes displayed impairments in social behavior. A potential mechanism for these behavioral changes is the suppression of serotonin synthesis by the raphe nuclei noted in these juveniles ([@B10]), suggesting that the systems that govern anxiety and depression may be hardwired by the maternal diet.

There is strong evidence that obese children tend to consume more dietary fat than nonobese children as a function of total calories ([@B43]), thus contributing to higher BMI. In addition, fats tend to deregulate control mechanisms for body weight regulation (appetite and activity) associated with changes in the hypothalamus, dopaminergic pathways, and other areas of the brain for reasons that are not completely understood ([@B44]). Whether maternal obesity and/or diet can modify the neurocircuitry in utero and whether it undergoes further modification during lactation and early feeding resulting in food preferences that occur prior to the development of obesity remain unknown. In our studies of juvenile NHP offspring exposed to a maternal WSD during pregnancy and lactation and then weaned to healthy diets postnatally, there was already a strong preference for selection of high-energy (high-fat) foods over all other sources of calories. Of note, these changes took place prior to the emergence of obesity in the animals. Although not all animals were equally affected, when combined with the social/behavioral abnormalities noted above, the results suggest that early changes in brain development and behavior may be one of the most compelling concerns for the DOHaD hypothesis and its impact on children in modern society. Whether these changes are governed by exposure in utero to higher fuels, cytokines, or oxidative stress noted in the fetuses of WSD-fed mothers; postnatally by higher breast milk n-6:n-3 fatty acids ([@B12]); or by other bioactive and appetite regulatory components such as leptin or insulin remain to be determined. Interventional studies in NHP obese mothers and the study of longer-term brain epigenetic modifications in their 3-year-old offspring are currently under way.

Maternal Obesity and the Infant MB: The Undiscovered Community Within {#s4}
=====================================================================

The gut MB plays a significant role in both maternal and infant gut health and child development. The intestinal microbiota is referred to as our "second genome" and is acknowledged as 10 times the size of our own genetic repertoire, involved in the susceptibility of many disorders as diverse as obesity, type 1 diabetes, inflammatory bowel disease, allergies, autism, cancer, and asthma. The term "gut microbiota" represents a complex bacterial community within the small and large intestine, capable of affecting health by contributing to energy retention and appetite, preventing colonization of the host by pathogens, and influencing the development and maintenance of the immune system. In human pregnancy, there are temporal shifts in both the diversity within a microbial community, known as α-diversity, which can be measured by phylogenetic diversity and species richness, and in the diversity shared among different communities, known as β-diversity, which can be measured by changes in microbial abundance ([@B45]). The microbiota in late pregnancy has reduced α-diversity (richness) but higher β-diversity (abundance of certain species) compared with nonpregnant women or women in early pregnancy ([@B46]).

Remarkably, when germ-free (gnotobiotic) mice were transplanted with fecal microbiota from healthy women in their first or third trimester of pregnancy, those receiving the third trimester microbiota had increased intestinal cytokines, gained more weight, and were more glucose-intolerant than those receiving the first trimester microbiota ([@B46]). This striking result implies that the third trimester microbiota have the ability to induce an alternative metabolic state in mothers, associated with greater energy extraction and inflammation. Such a transformation would serve to potentiate maternal IR for fuel transfer to the fetus and ultimately to transfer the capacity for increased energy retention to the newborn, ensuring the survival of the next generation. For example, in the third trimester, there is greater representation of lactic acid bacteria, which are highly prevalent in the infant gut, whereas butyrate-producing bacteria (*Faecalibacterium*, *Blautia*, and *Ruminococcus*), which dominate the gut in adulthood, are enriched in early pregnancy ([@B46]). The acquisition of increased maternal lactic acid bacteria by the third trimester may be an adaptation to transfer these organisms during the perinatal period to the infant to take maximum advantage of the main energy source for the child, lactose in mother's milk. Although the newborn acquires its microbiota from the mother during delivery, there is some limited evidence for microbial presence in the placenta, amniotic fluid, and meconium in full-term pregnancies without overt infection ([@B47]--[@B51]). However, if and to what extent early tolerance of the fetus by the antepartum acquisition of any bacterial species toward colonization of the mouth and gastrointestinal tract may impact the health and development of the newborn remain to be seen.

In newborn infants, gastrointestinal microbes introduced through dietary exposures are noted for their ability to serve as direct inducers/regulators of the infant immune system during breast-feeding through alterations of the infant gut microbiota ([@B52],[@B53]). Diet is a powerful driver of the MB; however, the specific molecular factors and mechanisms by which the mother's diet influence development of the infant microbiota in the offspring are unknown. Further, the role of the MB in obesity and GDM or how these states alter the neonatal MB remains largely unknown. Differences in the gut MB in infants experiencing different life events, such as breast-feeding versus formula feeding, cesarean versus vaginal birth, and environmental exposure to antibiotics, have been well documented. Epidemiological studies have shown that antibiotic treatment during the first 6 months of life ([@B54],[@B55]) or disrupted colonization from cesarean delivery ([@B56],[@B57]) may increase the risk of being overweight later in life. These two interventions have no direct contribution to host caloric intake or metabolism ([@B58]) but have large effects on the MB ([@B59],[@B60]). The mechanisms by which the MB may affect newborn weight gain or adipose tissue development remains unknown but could be due to immune signaling, toxin release, nutrient utilization, or regulation of appetite. Our groundbreaking studies in NHP have shown that a WSD in obese mothers leads to decreased diversity of offspring intestinal MB at 1 year and increased liver steatosis and inflammation ([@B36],[@B61]). Importantly, these deleterious outcomes occur prior to the onset of obesity and are not reversed by switching to a healthy diet after weaning. This suggests that the maternal influence to modify the microbial ecosystem in infants may be driven by the pioneering bacteria acquired at birth and during lactation. In humans, we recently discovered that a proinflammatory profile of increased n-6 relative to n-3 fatty acid in human milk, along with increased human milk insulin and leptin at 2 weeks of breast-feeding, predicts changes in the infant microbiota and the infant bacterial metagenome (B.E. Young and M.C. Rudolph, unpublished data). Importantly, the normalization of the n-6:n-3 ratio in transgenic mice fed a high-fat diet during pregnancy has been shown to prevent excess weight gain and fatty liver in the next generation ([@B62]).

Despite these suggestive data, there are no published studies directly linking maternal diet to altered microbiota-derived metabolites and durable changes in the developing infant immune system or adipose tissue development. The composition and metabolism of the adult gut MB are known to be rapidly influenced by diet; however, these changes are often transient ([@B63]--[@B65]), and there is tremendous interindividual variation (so-called "responders and nonresponders" \[[@B66]\]), suggesting that host genetics can shape the composition of the gut MB ([@B67]). Conversely, the gut MB can also modify dietary exposures in ways that are beneficial or detrimental to the human host. For example, the SCFAs acetate, butyrate, and propionate, which are formed by microbial metabolism of fiber, resistant starches, and nonstarch polysaccharides in the distal colon, may be metabolically consequential both at the site of production and at distal tissues. The major product of microbial fermentation, acetate, is a substrate for hepatic cholesterol and TG synthesis and increases hepatic expression of genes involved in fatty acid metabolism and lipogenesis ([@B68]). Conversely, exposure of adipose tissue to propionate suppresses the expression of proinflammatory cytokines, upregulates GLUT4 expression, and stimulates leptin ([@B69]--[@B71]). In a study of pregnant women with obesity, serum acetate levels were associated with maternal weight gain and maternal adiponectin levels ([@B72]). Propionate, on the other hand, was inversely correlated with maternal leptin ([@B72]). Butyrate largely serves to support the energy needs of the colonic epithelial cells to proliferate and differentiate ([@B73]). However, butyrate is also an epigenetic regulator (a histone deacetylase inhibitor) that promotes early anti-inflammatory immune cell development ([@B74]) as well as adipose tissue metabolism ([@B75]) through the SCFA receptors GPR43 and GPR41 in adipose tissue and liver.

While the core human gut microbiota may contribute to the developmental origins of disease by modifying metabolic pathways in maternal and infant tissues, it may also participate as an epigenetic modifier. Recently, Kumar et al. ([@B76]) classified eight well-matched pregnant women into two groups based on their dominant microbiota, i.e., *Bacteroidetes*, *Firmicutes*, and *Proteobacteria*. Deep sequencing of DNA methylomes revealed a clear association between bacterial predominance and epigenetic profiles. The genes with differentially methylated promoters in the *Firmicutes* group were linked to genes specifically involved in lipid metabolism, obesity, and the inflammatory response. This is one of the first studies that highlights the association of the predominant bacterial phyla in the gut with methylation patterns. While these studies are simple correlations, longitudinal studies identifying microbial species or metabolites prior to health consequences may give us a deeper insight into the molecular mechanism of such epigenetic modifications. It should be noted, however, that despite the wealth of 16S sequencing data and metatranscriptomic data emerging based on shotgun sequencing methods, the functions of most bacterial genes from the mammalian microbiota remain poorly understood. Whereas 16S sequencing has proven extremely useful in terms of typing and determination of the number of phyla, metagenomic sequencing has provided an increasingly high depth of data based on homology with known microbial genes and may shed light on how microbiota affect metabolic pathways. There is an incontrovertible need to identify the functional roles of these bacteria and the bioactive molecules that affect human health.

Future of DOH[a]{.smallcaps}D Research: Plausible Interventions to Interrupt the Vicious Cycle {#s5}
==============================================================================================

While maternal genetic, epigenetic, and dietary factors contribute to the development of obesity and metabolic syndrome in the next generation, the determination of how and when to intervene during pregnancy and postnatally in human infants is a complex problem. The lack of compelling evidence necessary to justify the huge efforts that would be required to modify the maternal diet of high-risk women with obesity and GDM is a significant challenge to this field. Our own data in NHP demonstrate that maternal diet has a significant impact on gene expression in the fetus and 1 year later prior to the development of obesity in the offspring ([@B16],[@B17],[@B36]). Recent human studies suggest that maternal nutrition and the intrauterine environment can alter DNA methylation in umbilical cord blood ([@B77],[@B78]), umbilical cord tissue ([@B79],[@B80]), and buccal cells ([@B81]). However, most clinical studies examining the role of maternal nutrition and infant epigenetics are retrospective; there are no studies investigating maternal nutritional inventions and epigenetic changes in the infant. Furthermore, the tissue-specific nature of epigenetic control adds to the complexity of such studies and remains a concern.

A relatively new research tool in pregnancy is the study of infant-derived MSCs. In utero, MSCs give rise to specific tissue types, including fat, skeletal muscle, and bone. In amniotic-derived MSCs from obese women, there was a shift in MSC commitment to the adipocyte lineage during fetal development ([@B82]). Our own preliminary studies point to newborn adiposity as a stronger phenotypic biomarker of adipocyte differentiation and lower mitochondrial energy metabolism in the MSCs from infants born to obese women, suggesting both factors could contribute to lineage changes in infant adiposity and low energy expenditure. More mechanistic epigenetic and metabolomic analysis of these cells and longitudinal analysis of these infants are under way as part of the Healthy Start Study ([@B83]) and may give critical translational insight into pathways underlying developmental origins of obesity.

Although the transmission of metabolic risk in infants born to mothers with obesity or GDM may be mediated by excess fuels, inflammation, oxidative stress, and other metabolic risk factors, altering the maternal diet is one of the few modifiable and potentially potent manipulations. Dietary intake in human pregnancy is often poorly measured, if at all, and may be a very fundamental source of variability in metabolic pathways influencing maternal and fetal fat accretion, requiring further investigation. Recently, we have shown in highly controlled diet studies that women with GDM randomized to a eucaloric higher--complex carbohydrate/low-fat (CHOICE) diet compared with the conventional low-carbohydrate/higher-fat diet resulted in normoglycemia and appeared to reduce maternal IR ([@B84]). Furthermore, after extending the diets to delivery with all meals provided, the subjects on the CHOICE diet showed decreased adipose cytokine expression, increased maternal adipose tissue insulin sensitivity, and a trend for lower infant adiposity ([@B85]) compared with those on the conventional diet. These outcomes suggest the metabolic actions of lowering fat intake on maternal tissues are a promising target for reducing IR and controlling excess fuel transfer to the fetus. Our current studies are aimed at exploring how this diet alters maternal glycemic profiles and lipids, adipose tissue metabolism, placental nutrient transport and inflammation, and mechanisms underlying infant growth, including changes in infant liver steatosis and the MB ([Fig. 3](#F3){ref-type="fig"}).

![Fetal adaptations to maternal obesity and GDM. Maternal obesity, estimated to affect about one in four pregnant women, and GDM and type 2 diabetes in pregnancy, the rates of which are rapidly growing, increase circulating glucose and lipids due to increased lipolysis, hepatic glucose production, and dietary (chylomicron-derived) lipids. Newborns show increased hepatic lipids, subcutaneous fat, and adipogenesis in infant-derived umbilical cord MSCs. MB changes in infants born to obese and GDM mothers are under study. MRS, magnetic resonance spectroscopy.](dc150628f3){#F3}

Summary and Future Directions {#s6}
=============================

Fundamentally, fetal developmental programming by maternal nutrition may occur in two ways: first, by gene-environment interactions, such as diet, that may produce persistent epigenetic events and second, by impacting normal organ development to impart risk for developing chronic disease(s). Most of the changes in adiposity in offspring born to obese or GDM women occur within the normal range in birth weight, suggesting that programming likely involves subtle effects on metabolic regulation during development. The fact that many outcomes are modifiable by diet in the first 1,000 days of life suggests that maternal diet can be a powerful intervention to modify the transgenerational risk of obesity by modifying organ growth and development, fat acquisition, appetite/behavior, and epigenetic risk in the offspring, as shown in [Fig. 4](#F4){ref-type="fig"}. For example, it is possible that altered maternal microbiota and mucosal immunity might directly influence maternal metabolism and as a result influence the pathogenesis of IR and perhaps placental function. While these observations of changes in the MB and inflammation are highly provocative and there is evidence for increased circulating lipopolysaccharide levels in pregnant obese patients ([@B86]), they suggest a hypothesis for future experiments, including the development of novel pre/probiotics for pregnancy. Tying together the transmission of the maternal MB from an obese or GDM mother with antibiotic exposure, mode of delivery, infant energy retention, and immune function that may contribute to predisposition to NAFLD and other immunologic diseases also deserves greater attention. The development of comprehensive advanced techniques, including deep sequencing of bacteria genomes (the metagenome), epigenetic platforms (methylation, histone modification, microRNAs, and noncoding RNAs), and metabolomic discovery tools, may fundamentally inform our research directions.

![The impact of maternal diet on changes in obesity risk includes epigenetic and MB changes during the first 1,000 days of life. Metabolomic changes in mothers and babies may be associated with exposure to changes in gut microbes, dietary fatty acids, inflammation, excess insulin and leptin, along with antibiotics, and they may impact the host epigenome to increase infant weight gain. B/F, bacteroidetes/firmicutes; C-section, cesarean section; GWG, gestational weight gain; LPS, lipopolysaccharide; miRNA, microRNA; ncRNA, noncoding RNA.](dc150628f4){#F4}

While human investigation is inherently variable and large sample sizes are often needed to sort out trends from noise in such data sets, random sampling under controlled conditions can increase their predictive accuracy. Metabolomic intermediates and biomarkers, including AAs, lipids, and carbohydrate intermediates, can influence the offspring in utero, and data on these biomarkers are being applied to human pregnancy ([@B87]--[@B89]). However, our understanding of the metabolomic signatures that influence infant growth and development during the first 2 years of life is minimal and gravely needed. Human studies outside of pregnancy suggest that reduced dietary fat intake and improved exercise can slow down the progression of diabetes from GDM ([@B90],[@B91]). However, randomized interventional trials in pregnancy that attempt to modify lifestyle in order to favorably affect infant outcomes have been largely disappointing ([@B92]). While efforts to address the environmental factors influencing infant health (e.g., exercise, limiting maternal weight gain, promoting exclusive breast-feeding, and administrating pre/probiotics) are under way, sizable dietary changes may lead to better outcomes. Although there remains a considerable challenge to deliver these interventions in low-resource settings, the genetic and epidemiological life-course data showing long-term effects of maternal obesity or GDM exposure on the metabolic health of offspring commands our efforts to discern how gestational exposures in the modern environment can be specifically targeted to reduce childhood obesity risk. Primary intervention in utero and in early life that attenuates obesity potential may be one of the most important public health efforts to enhance population health worldwide.
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